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Bulk and thin film samples of Bi2_xPbxSr2ca2cu]oy compounds
2were prepared by suitable methods. The thin film and bulk
samples were exposed to argon gas at temperatures of about
2000 °C and pressures of about 300 atm. in a ballistic
compressor (BC) and then cooled at a rate of about 105 °Cjsec.
The samples before and after this treatment were examined and
compared using a transmission electron microscope (TEM) , a
scanning electron microscope (SEM) , an energy dispersive
spectrometer (EDS) , and an x-ray diffractometer (XRD).
Resistance and magnetic susceptibility measurements were made
to determine changes in superconducting temperature Tc .
Resistance and AC susceptibility measurements of bulk
and thin film samples demonstrated that the Tc increased 3 -
6 K after the BC treatment , and step-shaped curves were often
。bserved in the resistance versus temperature graphs.
The x-ray diffraction study revealed that the relative
intensities of lines of the two high Tc phases clearly
increased , and the relative intensities of lines of the low Tc
phase decreased after the BC treatment.
Scanning electron micrographs of the exposed samples
showed that surface melting had occurred , and the BC treatment
affected the surface of samples to a depth of about 10 μm.
Energy dispersive spectral analysis showed that oxygen loss
。ccurred in the exposure process.
Transmission electron diffraction patterns showed that
the crystal structure of the Bi-based compounds have an
incommensurate modulation along the b-axis with different
3periods of 25.4 A, 38.7 A and 72.6 A. After the BC treatment ,
the lattice parameters of superconductors did not change , but
the relative intensities of spots changed , the modulation of
72.6 A disappeared , and the density of twist boundaries
increased. These observations suggest that the treatment
changed the density of structural defects and the atomic
arrangement.
These studies tentatively indicate that the increase in
structural defects was caused by oxygen loss. A very small
oxygen loss increases the fraction of copper in CUIll oxidation
state , and thus increases the density of hole carriers in the
Cu-O planes. This may be the reason why the Tc of Bi-based
cuprate superconductors increased after the BC treatment.
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CHAPTER I
HISTORY OF SUPERCONDUCTIVITY
INTRODUCTION
After the 1986 discovery of the cuprate high temperature
superconductors (1) , a large number of researchers were
constantly searching for new materials with higher Te , optimum
treatment conditions to raise Tc of superconductors , and
theoretical understanding of the new superconductors.
During the last three years more than 75 compounds with
a Te higher than 23 K have been discovered , and the
experimental progress made in this period may surpass that in
the previous years. The highest Te is 125 K in the cuprate
T12Ba2Ca2Cu30 1O (2). The record highest critical magnetic field
for cuprate superconductors is above 200 T (2) , and the
critical current density of YBa2Cu307 at 77 K has reached 6 x
106 A/cm2 for thin films and about 8 x 104 A/cm2 for bulk
samples (2). This progress on experiments may be due t。
improved sa깨ple quality and the availability of single
crystals of various compounds.
Finding the material that becomes superconducting at a
high temperature opens doors for more widespread use of
superconductors. The high temperature superconductors have
2been applied to microcircuitry and other frontiers of
electronics , and some advanced superconductors will be used
for power transmission and electric cars. High temperature
superconductors may be suitable to conduct energy more
efficiently. Therefore , further research work on high
temperature superconductors may result in great benefits t。
the environment and conservation of energy resources.
This research work is focused on the effects of thermal
treatment of Bi-based superconductors. Before describing this
research , the main historical development of superconductivity
is introduced.
DEVELOPMENT OF EXPERIMENTS
In the earlier history of superconductivity , two periods
。 f the main activities of superconductors may be
distinguished. The first one is the discovery of the
resistanceless current and the existence of the critical
current and the critical magnetic field. The second one is
the discovery of the Meissner effect and the thermodynamic
character of the superconductors. These are the cornerstones
。f the later development of superconductors.
In 1911 , Heike Kamerlingh Onnes (3) , a Dutch physicist ,
discovered the phenomenon of superconductivity in which the
electrical resistance of mercury abruptly vanishes at a
temperature of 4.2 K (called the critical temperature and
denoted T('). His further experiments (4) showed that the
3current density which is a current per unit area passed
through the superconductor was limited to a certain threshold
value (denoted J c)' In 1914 , he (5) also found there was a
threshold value of the magnetic field (denoted He) when the
resistance appeared in a specimen which was placed in the
magnetic field. The second essential step in the development
。f superconductivity was the Meissner effect , discovered by
Meissner and Ochsenfeld (6) in 1933. They found that an
external magnetic field was expelled from the interior of a
sample at Te . This is due to the fact that the magnetic
fields set up screening currents on surface of the sample , and
the screening currents create an equal but opposite magnetic
field , thereby repelling the external magnetic field. The
difference between a perfect conductor and a superconductor is
that the perfect conductor has no Meissner effect.
The zero resistance effect and Meissner effect are
fundamental characteristic of superconductors , but not the
。nly two. An abnormal thermal behavior of superconductors was
found by W. H.Keesom and J.N.van den Ende (7) in 1932. The
heat capacity of superconductors showed a jump at T=Tc and an
exponential decrease at lower temperature , which differs from
those of a normal metal.
The discoveries of these properties of superconductors
impelled the search for other superconducting materials. It
was soon found that many metals , alloys and intermetallic
compounds become superconducting when cooled to sUfficiently
4low temperatures. These low temperature superconductors could
be classified into four groups:
1). Free-electron-like metals. The pure elements except the
best conductors such as copper , gold , and silver become
superconductors at very low temperature. The highest
transition temperature is 9.26 K in niobium (8).
2). Strong-coupling materials. A Nb3Sn alloy showed the
highest Tc 18.1 K for many years (9).
3) . organic superconductors. The first organic superconductor
was discovered by J흔rome et ale in 1980 (10) , with Tc of 1 K
in the (TMTSF)2X series. At present , Tc is approaching 10 K
in the other (BEDT-TTF)2X series (11).
4). Heavy Fermion superconductors such as UBe I3 , etc. Tc -<1 K
is usual (12).
The first oxide superconductors , NbO and Tio , with Tc of
1 K were discovered in 1965 (13). These revealed a new class
。 f materials to be explored. In the 75 years following the
discovery of superconductivity , the transition temperature Tc
had been gradually increased from the 4.2 K for Hg to 23 K for
the compound Nb]Ge (called low temperature superconductors ,
LTSC). This record held for 17 years. In 1986 , the
breakthrough to a considerably higher transition temperature
was achieved by A. Bendorz and K. A. MUller (1). At that time
superconductivity in the La-Ba-Cu-O system with Tc of 30 K was
discovered. This discovery inspired scientists to seek new
materials with better performance characteristics. In high
5pressure experiments , C. W. Chu and M. K. WU (14) found the
critical temperature in La-Ba-Cu-O system shifted from 32 K to
40 K when measured under ten thousand atmospheres. They
realized that the result could point a direction to seek a new
chemical composition with smaller atoms that mimicked the high
pressure effect. In 1987 , C. W. Chu and M. K. Wu (15)
announced that a ceramic oxide compound in the Y-Ba-Cu-O
system becomes a superconductor at a temperature as high as 90
K (called high temperature superconductor , HTSC). In about 12
months , Bi-Sr-Ca-Cu-O compounds with transition temperatures
up to 110 K, were discovered by Maeda et al (16). So far
there are more than 75 high temperature superconductors with
Tc higher than 23 K, which is the boiling point of liquid
hydrogen. These are divided into three groups of cuprates
(copper oxides) , bismuthates (without copper) , and fullerites
«Rb ,TI) 3C60)' The maximum Tc is 125 K in the cuprate Tl-Ba-Ca-
Cu-O system (17).
A large number of experiments demonstrated that the
cuprate superconductors , which are the majority of the high Tc
superconductors , have different properties than the low Tc
superconductors , except zero electrical resistance and the
Meissner effect. In the normal state , all the cuprate
superconductors show unusual properties. They have a layered
perovskite structure , and are very anisotropic (18). The Hall
effect experiment showed that the carrier .concentrations are
much smaller than for the low temperature superconductors and
6vary with doping (19). In the superconducting state , flux
quantization experiments (20) have demonstrated similar
features to the LTSC , in which the superconducting state is
made up of paired carriers. Microwave and tunneling
experiments (21) , have shown that an energy gap is present in
the superconducting state , but it is not clear if it follows
the gap equation predicted by the BCS theory. J. Torrance
(22) observed that Tc is a function of carrier concentration.
When the carrier concentration n is greater than nc (nc
denotes the optimum value which gives a maximum Tc) , Tc drops.
Change in n is achieved by changing the treatment conditions.
At a sUfficiently large value of n there is a superconducting
to normal state transition. A number of other experiments
illustrated differences in superconducting properties between
HTSC and LTSC. For example , the superconducting coherence
length (size of the Cooper pair , ~o) in the high temperature
superconductors is extremely short , about lO~ em , but the ~。
in the conventional superconductors is about 104 em. Because
。f the short coherence length , the cuprates possess a large
penetration depth and are Type II superconductors (23). The
heat capacity measurements (24) of high temperature
superconductors showed a jump at Tc and a linear behavior with
temperature , which is very different from the conventional
superconductors. Jean et al (25) found that the positron
lifetime (r) undergoes a drastic change when temperature
crosses Tc in HTSC but r does not change with temperature in
7LTSC. These experimental results suggest the existence of a
charge transfer process in the high temperature
superconductors. A large number of investigations showed many
。ther interesting properties of high Tc superconductors , as
well as those mentioned above. This enormous experimental
progress in the years of development of superconductivity has
greatly motivated the development of theory.
DEVELOPMENT OF THEORY
The discovery of the zero resistance effect and the
Meissner effect aroused many scientists to seek scientific
understanding and other features of the superconducting state.
These efforts led to the creation of phenomenological
theories. In 1934 , Corter and Casimir (26) proposed the "two-
fluid ’'model. This model assumed that below Tc the electrons
in a superconductor divide into two parts: the
"superconducting liquid" which passes through the sample
without resistance and the "normal liquid" whose behavior is
like the normal conduction electrons. with decreasing
temperature , the "superconducting liquid" grows , while the
’'normal liquid" decreases and finally vanishes at T=O K. The
"two-liquid" model is based on the result of measurements of
the specif ic heat of superconductors. It assumes that the
entropy of the system is due to the particles in the normal
state. At the transition temperature , there is only a change
in the rate of entropy increase with temperature , which is
8governed by the normal liquid , so superelectrons (assuming the
conduction electrons are superconducting electrons) become
normal conduction electrons. The two-fluid model is
restricted in its applications because there is no real
combination of two liquids in a superconductor. Its physical
meaning is that the possible superconducting electrons in the
superconductors would occur. After the discovery of the
Meissner effect , F. London and H. London (27) presented
equations to explain the macroscopic changes in magnetic
properties caused by Meissner effect in a weak field. The
London brothers described the electrodynamics 。f
superconductors. Their equations are known as the London
equations:
P x J- = --LB
a μ 。).~
d _ 1_
dt얘 - 파감ι，
(1. 1)
(1. 2)
where J , is the supercurrent density on the surface of a
superconductor , μ。 is the permeability of free space , λL the
London penetration depth , which is a measurement of the depth
。 f the flux density which dies away below the surface of a
superconductor , B is the applied magnetic flux density , and E
is the electric field strength. Equation (1.1) describes the
diamagnetic property of a superconductor.
describes the resistanceless property.
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equations , a current is induced in a superconductor when it is
placed in an external magnetic field. The London theory gives
a fairly good description of the properties of
superconductors , but it can not explain the occurrence of
superconductivity. The London theory is an approximation , and
it is purely classical , so quantitative comparison of the
experimental results of the penetration depth with the London
prediction show a large differences. Various attempts t。
modify the London theory have been made. An important step in
the phenomenological description of superconductors in strong
fields was the Ginzburg-Landau theory (28) , which is an
alternative to the London theory. They introduced the
insightful concept of a wave function to distinguish the
normal state from the superconducting state. It is
interesting to note that the Ginzburg-Landau theory uses
quantum mechanics to predict the effect of a magnetic field.
In the Ginzburg-Landau theory , an order parameter is
represented by the wavefunction , which defines the
superelectron density. This is assumed to be
띤 = I띤 JexpiO (1.3)
where ψ is an effective wave function. The phase 0 describes
the macroscopic coherence properties of the superconducting
10
state , such that the quantity ,
fl S = I 띤 1 2 (1. 4) ,
may be interpreted as the density of superconducting
electrons , which vanishes for T r Te . In terms of the wave
function ψ ， Landau and Ginzburg expressed an expansion of
Helmholtz free energy in a power series in terms of the order
parameter. The difference in free energy of the
superconducting state from that of the normal state can be
expressed by the first two terms in this expansion. This
theory predicts magnitudes of the critical magnetic field in
terms of the expansion coefficients , and the behavior of
superconductors in an external magnetic field. The validity
。 f the Ginzburg-Landau theory was proven later on the basis of
the microscopic theory. The only change made was that the
number density of equation (1.4) is for Cooper pairs of charge
2e replaced the effective charge e' appearing in this theory.
The phenomenological theories mentioned above played an
important role in the history of superconductors , but the main
problem of explaining the nature of superconductivity remained
unsolved. A discovery of the isotope effect which gave an
important hint for the superconducting theory was made by
Maxwell (29) and Reynolds (30) in 1950. The isotope effect
described the relationship between the critical temperature
and the isotopic mass as follows:
11
T에if 2 = cons t. (1.5)
where M is the isotopic mass. The isotopic effect indicated
that an electron-lattice interaction is involved in the
superconductivity mechanism. After the discovery of the
isotope effect , the current theory of superconductivity was
soon developed. In 1956 , L. N. Cooper (31) suggested that tw。
electrons above the Fermi sea with an attractive interaction
form a bound state. But he calculated the interaction for
。nly a single pair of electrons which did not involve a very
complicated many-body problem. A theoretical breakthrough ,
which explained the nature of superconductivity , was
formulated by Bardeen , Cooper , and Schrieffer (the so-called
BCS theory) (32) in 1957. The BCS theory predicted a
microscopic mechanism in weak-coupling superconductors. At
low temperature , an electron moving in the crystal disrupts
the vibrational state of the lattice as it passes and excites
the lattice. When the lattice returns to its ground state , it
emits a phonon which is then immediately absorbed by another
electron. This sUbsequently gives rise to a weak attraction
that is in excess to the Coulomb repulsion force between the
two electrons , although we never know which ones. In the
quantum picture , these two electrons form a bound state
(called Cooper pair) in which they possess the lowest energy ,
and have equal and opposite momentum. The wave function may
12
be written as
띤 (rJ.， r2 ) = v L akν k~ψ(kJ. l)ψ (-k잉) (1. 6)
where ~(klt) describes an electron with wave number k. and spin
up , and ~(k2↓ ) term and electron with -k2 and spin down. The
v is a normalization constant , and the I ak1 ，잉 1 2 gives the
probability of finding the Cooper pair. If the temperature is
raised , Cooper pairs are broken up by thermal agitation , and
superconductivity disappears. The BCS theory explained the
ground state , the excited state and the macroscopic properties
。 f superconductors. The BCS theory described the temperature-
dependent energy gap near the critical temperature by
) IroT" = 1.74 /1 (0) 퓨훈 (1. 7)
where ~(T) is the energy gap , T is the temperature and ~(O) is
the energy gap at T=O K. With increasing teπperature the
energy gap decreases and vanishes at T=Tc ' This corresponds
to a phase transition from the superconducting state to the
normal state. The BCS theory also described a relationship
between the zero temperature energy gap and the critical
Temperature by the following fundamental expression:
13
Li (0)~ \~' = 1. 764 (1. 8)
kaTe
where ku is Boltzmann ’ s constant. This prediction agrees
quite well with experimental (33) results which demonstrated
the existence of the gap and its magnitude for many simple
metallic superconductors. But experimental results in other
materials such as organic superconductors (34) etc , produced
deviations from the conventional BCS theory which was
developed in the weak-coupling approximation. The reason for
this is that the electron-phonon coupling in those materials
is not weak. So the theory of strong coupling was proposed by
Eliashberg (35) in 1960. Also , the discovery of high
temperature oxide superconductors has opened a new chapter in
superconducting history. The unusual properties such as short
~ and large energy gap , for the high Tc superconductors
indicate that the conventional BCS theory has to be modified.
So in the past five years many different theoretical concepts
and models have been proposed and developed. The application
。 f these to high T(' superconductors will be discussed in the
next chapter.
CHAPTER II
THEORY OF HIGH TEMPERATURE SUPERCONDUCTIVITY
INTRODUCTION
The high Tc oxides have shown many unusual properties in
both the normal and superconducting states. Traditional
theoretical approaches (such as the BCS theory) t。
understanding these properties have failed to account for the
strange behavior. For example , the isotope effect on Tc for
the cuprate superconductors is extremely small because of very
strong electron-phonon coupling. Thus , the fundamental
physics requires further investigation. As indicated earlier ,
the high Tc superconductors have been divided into three
groups: cuprates with the maximum Tc of 125 K, bismuthates
with Tc about 30 K, and fullerites with Tc about 30 K. The
main properties of the cuprate superconductors will be
discussed because these constitute the majority of the high
temperature oxide superconductors. And the unique properties
。 f Bi-Sr-Cu-Ca-O compounds , which make them different from
。ther cuprate superconductors , will be stressed.
15
STRUCTURES OF OXIDE SUPERCONDUCTORS
Common Features of Structure
The structures of high temperature cuprate compounds is
very complex. But they commonly have the perovskite structure
with a general formula AB03 • The basic structure of a
perovskite compound is illustrated in Figure 1 in its
idealized cubic form (36).
®
O
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B CATION
--홍/
Fiqure 1. The AB03 perovskite structure.
The A and B in Figure 1 refer to different metallic atoms.
The structure of cuprate superconductors consists of two or
three such cells stacked one on the other.
A very important structural feature of all of the copper
。xide superconductors is the presence of the two-dimensional
Cu02 square planes. The Cu02 planes are separated by metal
16
atoms , for example , either an yttrium or a calcium atom. The
copper atoms in the Cu02 plane are located on the four corners
and are strongly bounded to four oxygen atoms in the square
planar form. The cu-o distance in the cuprate superconductors
is greater than the typical ionic bond length of Cu-O (37) , s。
this indicates an enhanced contribution from covalent bonding.
Because of this feature , the two-dimensional layers of Cu-o
。ccur ， and are perpendicular to the c-axis. These cu02 layers
are separated by metal oxide layers such as BiO , TIO , SrO , or
BaO , etc.
Another important feature of structure of the cuprate
superconductors is that the cu-o planes became conducting by
doping. For example , the cu-o layers in the parent La-Cu-O
compounds do not have metallic characteristics , these
compounds show semiconducting behavior (38). When Sr or Ba is
added to the compounds , they show superconducting behavior.
Electrons that are removed from the cu-o planes to acceptors
produced by the doping in the neighboring insulator layers
increase , leaving more holes in the Cu-O layers for the hole-
doped HTSC ’ s. Or electrons are transferred to the Cu02 planes
from the surrounding layers for the electron-doped HTSC ’s.
These compounds with doping show metallic behavior at room
temperature , and become superconductors when cooled to low
temperature.
High defect concentrations are also a common and
important feature in high temperature cuprate superconductors.
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The defects in the cuprate superconductors include oxygen
vacancies , substitutional defects on the metal sites , atom
displacements , etc. A. W. Sleight (39) suggested that the
existence of the defects is thermodynamically stable due t。
the entropy contribution to the free energy of the phase at
high temperature. However , it has been found that the
existence of defects plays a very important role in oxide
superconductors. The relationship of structural defects and
superconductivity will be discussed in detail later.
The Svstem Bi-Sr-Ca-Cu-O
The discovery of the high Tc Bi-Sr-Ca-Cu-O system has
aroused great interest because of the absence of rare-earth
elements in it and its Tc above 100 K. The structures and
compositions of Bi compounds are very complex. The Bi-Sr-Ca-
Cu-o system forms a series of compounds which can be described
by the ideal formula Bi2Sr2Can.I Cu,P4+2n (n=1 , 2 , 3 , ... ) (39). The
Bi compound superconductors have three major phases , which are
denoted by 2201 (n=l) , 2212 (n=2) , and 2223 (n=3) phase ,
respectively. It has been found that a broad range of
composition exists for each phase of the Bi compounds (39).
Figure 2 is a phase diagram of the Bi system provided by
Ichinose (40). This shows tentative phase relations in this
system between Bi2(Sr , Ca)04 and (Sr , Ca)Cu02. Three vertical
lines in Figure 2 indicate the compositions of the phases
2201 , 2212 , and 2223 , and so divide the phase diagram int。
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different phase regions. The 2201 vertical line is close t。
the Bi-rich region , and the 2223 vertical line is close to the
eu-rich region. The phase diagram indicates that the 2201
phase and another unknown solid phase occur when the
temperature is below 650°C. As the heating temperature
increases to above 650 °e and below 800°C , a mixture of the
2201 phase , 2212 phase and another solid phase occurs , and the
2223 phase is absent. When the temperature exceeds 800°C and
around 880 °e that is a melting point for the Bi-based
compounds , the 2223 phase appears and a mixture of 2212 and
2223 phases forms with the unknown solid phase. It can be
thought that this is a phase intergrowth process.
The structure refinements of superconductors have been
carried out using high resolution transmission electron
microscopes , and x-ray and neutron diffractometers.
Especially , neutron diffraction has played a major role in the
study of superconductors because it can precisely determine
the locations of oxygen atoms in a structure because of the
difference of neutron scattering factors of light and heavy
atoms (34). But the complete structures for these three
phases of Bi compounds have not been determined because of
their complicated structural defects. The basic and average
perovskite structures of Bi compounds are shown in Figure 3
(42). A common characteristic of these Bi-based c。πpounds is
a crystal structure based on the stacking of BiO-BiO-Sro-eu02-
ea-sequences (43). The difference is that they contain one ,
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respectively. Transmission electron microscopy studies show
that the c axis increases in length by 6 A due to inclusion of
an extra CU and an extra Ca layer in Bi compounds (44). Based
。n this observation , samples showed signs of more than one
superconducting transition by adding or moving the layers of
eu and Ca under different conditions. The intergrowth of
these phases has been observed by high resolution electron
microscopy (45).
Defects in the cuprate superconductors have been
mentioned above , especially because these occur in high
concentration and great complexity for the Bi compounds. High
resolution electron microscopy images and electron diffraction
patterns of Bi compounds showed modulation along the b-axis
due to these defects (39).
Mechanism of Superconductivitv
Since the discovery 。f high temperature
superconductivity in Cu-based oxides , a great number of
theoretical investigations have been undertaken in order t。
understand the mechanism of the occurrence of this new feature
。 f superconductivity. The superconducting state in the
cuprate materials is made up of paired carriers below Tc as
has been demonstrated by microwave and tunneling experiments ,
but the pairing mechanism leading to Tc ’ s above 100 K still
remains elusive. In the conventional BCS theory ,
superconductivity is generally explained by an electron-phonon
22
interaction in the pairing of electrons with weak coupling and
the condensation of these pairs into a state of lower entropy.
Because the parameter d(O)/Er (Er is the Fermi energy) in the
cuprate superconductors is quite large , the BCS theory must be
modified. Various types of theories have been proposed for
the mechanism of superconductivity in recent years. Their
range is from a conventional model (pairing mediated by
various types of bosonic excitations) (46) , to exotic models
based on quasiparticles that obey anyonic statistics (46).
And the bosonic excitations in the conventional models mainly
include ordinary phonons , plasmons (47) , and magnons (48) ,
etc. Plasmons are similar to phonons , but phonons represent
vibrational motion of the lattice , whereas plasmons correspond
to collective vibrational motion of the carriers relative t。
the lattice. Plasmons have high frequency and strongly depend
。n the dimensionality of the system , which is so important in
high Tc layered superconductors. Magnons are another
attractive interaction between two electrons to form bound
states , which exchange antiferromagnetic spin fluctuations.
A simple explanation (49) is that the superconducting systems
are generally not magnetically ordered. The free electrons in
these materials repel local spin order , resulting in an
attraction for free electrons with spins oriented to weaken
the order.
Although many different explanations for the origin of
superconductivity have been proposed , most of them have not
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been confirmed in detail by experiments. At present , the
electron-phonon interaction with strong coupling is accepted
by many research groups because of its proven validity.
According to the results of experiments and analysis ,
the cuprate HTSC possess a short coherence length which is
smaller than 100 A (50) and a large energy gap , so the rati。
~(O)/KIlTc is about 2.5 (51) , instead of the 1. 76 in the
traditional BCS theory. Both this ratio and also the short
coherence length , are very important parameters because they
indicate that only a fraction of the electronic states are
involved in pairing.
Charqe Transfer Model
The charge transfer model , which is one of many
different models proposed in recent years , was proposed by J.
D. Jorgensen (52). It is accepted by many researchers in this
field because it is applicable to the oxide superconductors.
As mentioned earlier , cuprate superconductors are obtained
because either holes or electrons can be incorporated into the
starting insulating composition in which Cu is divalent. Bi
compounds are one of the hole-doped superconductors in which
electrons are transferred from the Cu02 layers to the
surrounding layers. For copper oxide superconductors , it has
been generally realized that the Cu02 planes play an important
role. By definition , Cu is in the divalent oxidation state
(CUll) or trivalent (CU Il I ) in the Cu02 planes of p-type
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superconductors , and the valence state of oxygen is two (O~).
Divalent copper CUll usually splits four short bonds to the 0· /1
to form bond hybrids (53 , 54) , which are simply referred to as
the conduction band. This conduction band is half filled , s。
it shows metallic properties and an antiferromagnetic
behavior. At temperatures at and below Te , holes (or
electrons for n-type HTSC ’ s) in Cu02 planes should have
favorable conditions to band together with strong coupling ,
thus forming the superconducting state (55). The holes
concentration n ，、 in the Cu02 planes for the Bi-based compounds
is an important determining factor for the critical
temperature and other properties of the HTSC. So in the
copper oxide superconductors , superconductivity occurs in the
Cu02 planes , while the other layers such as Bio , SrO planes ,
etc , receive electrons transferred from Cu02 layers and give
rise to the coupling mechanism necessary for
superconductivity. In the charge transfer model hypothesis ,
Cu02 layers are the designated conduction layers , and their
neighboring layers serve as charge reservoir layers. The
charge reservoir layers have rather different effects on the
charge transfer process. For example , strontium and calcium
tend to be divalent , whereas bismuth can be univalent ,
trivalent or even in a higher valence state in the Bi
compounds (56). Therefore , the Bio layers easily receive
electrons and change oxidation state from the high valence
state to the low one. The possible way for increasing the
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number of holes in the CU02 planes is through bismuth ions.
It is necessary to mention that the normal valence of copper
for cuprate superconductors is not only Cu" , but also CUI and
a small fraction of CU Ill. The reason probably is due to the
considerable range of composition of these compounds. A large
number of experimental results have shown that Tc increases
with decreasing cu-o distance (53) , or with increasing Cum
concentration (55-57) , or the intergrowth of the high Tc
phases from the low Tc phase. But it is not in contradiction
with the result that the concentration of carriers is a
function of Tc in a certain range. A higher CU Ill concentration
should decrease the average Cu-o distance because the cum-O·II
distance is shorter than the Cu"-O·" distance , which is due t。
the removal of an electron from this Cu-o bond. And the
higher CUl l! concentration results in a higher concentration of
holes because of the removal of more electrons from the Cu-o
planes.
The concentration of carriers in conduction layers is a
key point in superconductivity. The number of carriers in the
conduction layers is determined by the chemistry of the whole
system and the number of electrons transferred between the
conduction layers and the charge transfer layers. The number
。 f charges transferred from the conduction layers to the
charge reservoir layers is controlled by many factors such as
structure , composition ,
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phase) is about 0.2 holes per Cu atom on each CU02 plane (58).
The charge carrier concentration in the active Cuo2 layers is
changed through chemical modification of the adjacent charge
reservoirs layers. Such changes of the chemistry of the
charge reservoirs layers are acquired by doping or the
creation of structural defects.
Structural Defects
Most oxide superconductors are prepared by a variety of
techniques such as solid-state reaction methods , etc , which
result in rather broad ranges of composition which contain a
number of complex defects in their structures. The defects in
the cuprate superconductors include point defects , line
defects , and plane defects such as twin boundaries. The point
defects are the main type and include interstitial defects
(interstitial oxygen atoms , for example) , substitutional
defects on the metal sites , atom displacements , and atomic
vacancies , etc. Sleight (39) proposed that defects probably
are thermodynamically stable due to the entropy contribution
at high temperature , but 깨ay not be stable at low temperature.
Therefore , part of these defects will be eliminated if the
temperature is low enough. R. J. Cava (59) suggested
similarly that the creation of defects at high temperature is
due to the varying oxygen content and variable entropy that
strongly influences the equilibrium state. The presence of
defects after a rapid quenching to ambient temperature is due
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to a frozen-in high ~emperature equilibrium state , in which
the entropy introduced by the high temperature is employed.
From the microscopic view , Jorgensen (52) provided a simple
explanation for the formation of defects in the charge
reservoir layers. Th~ dimens10ns of the unit cell of cuprate
superconductors are controlled by the actual dimensions of the
Cu02 conduction layers. And the atoms in the charge reservoir
planes have to relax their position so that the dimensions of
these planes can match those of the conduction plane. There
is excess space in the charge reservoir layers. This creates
interstitial defects or subs1:i tutional defects. For most
cuprate superconductors , the I dimensions of the conduction
layers and the charge reservoir layers are not matched , but
for the Bi-based compounds , the mismatch is so large that the
structures display a clear incommensurate modulation. The
defects in the charge transfer layers include metallic site
vacancies , metal anti~ite defects (that is , the substitution
。 f one type of metal ~tom onto the site normally occupied by
another) , oxygen vacancies and interstitial oxygen (60).
Jorgensen (52) proposed ~hat the formation of defects in
the charge reservoir p~anes can function to create carriers in
the conduction layers and thus give rise to superconducting
behavior. Because the structural defects of cuprate
superconductors are so complicated , the process of how defects
in the charge reservoir plane원 control the concentration of
carriers in the CU02 planes has not been determined
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completely. Although the mechanism of production of defects
is different , some experimental results of doping support the
last hypothesis. For example , if La2Cu02+o is doped either with
Sr on La sites (La I.85SrO.15Cu04) or with excess oxygen ·to form
La2Cu04~ (61) , both compounds with the same doping level show
the same Tc due to the same free electrons concentration.
Jorgensen proposed also that defects occurring in the
conduction layers may destroy superconductivity. A very
important example of defects that destroy superconductivity
。ccurs at the composition La2_xSrxCaCu206 (62) with excess-oxygen
defects in the Cu02 planes. This material does not have a
nonsuperconducting state , although the valence of copper in
the Cu02 planes is close to the optimum value. However , all
agree that defects relate closely to the variation of oxygen
content in the structure of superconducting samples because
variation in the oxygen content will change the valence of
copper. Nagoshi at al. (63) studied Bi2Sr2CaCu20 y annealed in
vacuum at various temperatures in order to evaluate in detail
the effect of oxygen loss on the structure , hole
concentration , and superconductivity. They found that Tc
increases from 65 K to 92 K, which is accompanied by a small
amount of oxygen loss (on the order of 10~). These
interesting results support the charge transfer model , which
suggest that charge redistribution in the structure is the
。rigin of the large change of the carrier concentration in the
Cu02 planes.
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It has been found that the Tc of the cuprate high
temperature superconductors such as Y-based compounds (64-65)
depends not only on the oxygen content but also on the
specific ordering of the oxygen atoms in the CU-O planes.
Jorgensen (52) proposed that the ordering of defects will
affect the properties of superconductors. An experiment was
designed to monitor the effect of defect ordering on
superconducti v i ty (66). A single crystal of YBa2Cu30 x was
heated to 500°C in the appropriate oxygen partial pressure t。
keep the desired oxygen concentration in this sample , and then
rapidly quenched to liquid nitrogen temperature to freeze the
configuration of oxygen at high temperature. The Tc
measurement was immediately performed. Then the sample was
warmed to room temperature for a desired time. After this , Tc
measurement was performed again. The same procedures for the
same sample were repeated at different temperatures and for
different times. Both Tc and structural measurements show
that Tc systematically increased as defect ordering occurred.
One explanation is that the oxygen atoms diffused to form an
。rdered configuration. This affected the carrier
concentration in the Cu02 planes. But it needs to be pointed
。ut that the length scale of defect ordering is too short t。
be determined experimentally.
The charge transfer model works well to explain the
major role of structural defects in the cuprate
superconductors on superconductivity , so it has been accepted
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by many research groups. But because of the complex
structures of the oxide superconductors , there are still many
questions which need to be answered. The progress in theory
and experiments will continue.
CHAPTER III
EXPERIMENTAL METHODS
INTRODUCTION
The bismuth system contains three distinct
superconducting phases , which have nominal compositions
Bi2Sr2cuo6 (2201) , Bi2Sr2Cacu20H (2212) , and Bi2sr2ca2cu30 1O (2223) ,
respectively (38). The growth of single crystals of 2201 and
2212 phases has been accomplished (67). However , it is very
difficult to prepare single crystals of the 2223 phase. In
most cases a mixed phase structure forms and the highest Tc
phase is always present in a low percentage in the Bi-based
samples. The substitution of Pb in the Bi-Sr-Ca-Cu-O system
greatly facilitates the formation and stabilization of the
high Tc phase (68) , but it does not affect ·the structural
parameters. In this research work , bulk samples of Bi
compounds with Pb-doping were the rna in subj ect of
investigation. It has been observed that the superconducting
properties of the high temperature oxide superconductors , such
as critical temperature Tc ' are extremely sensitive to the
preparation processes , including annealing temperature ,
annealing time , pressure , and cooling rate , etc. Many
researchers focused on the effects of thermal treatment of
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cuprate superconductors. In I recent years , much effort has
gone to investigate the optimum treatment conditions to raise
Tc of oxide superconductors amd to improve the theoretical
understanding of these phenomena. For example , the
experimental results have shown that the high pressure
coefficient dTc/dp reaches 5.7 K/GPa (69) for Y-Ba-Cu-O
compounds (1-2-4 phase and 1-2~3 phase) , and is 2.0 K/GPa for
the 8i system (2212 and 2223 phases) (70-73). C. W. Chu (7 4)
has reported similar results. A long sintering time in such
treatment processes is required for fabrication of the high-Tc
superconducting phase and the elimination of the low-Tc phase
(75 , 76). G. C. Tu et al. (77) reported that the volume
fraction of the high-Tc 2223 phase in the samples of 8i
compounds increased from 0.43 :to 0.51 while the samples were
sintered at the same temperature for 51 hours and 76 hours ,
respectively. J. M. Tarascon et ai. (42) have observed that
Tc strongly depends on the heating temperature and the cooling
rate. The Tc for samples of 8i compounds that were treated
under different conditions , determined by ac susceptibility ,
are shown in Figure 4 (42). Comparison of (a) and (b) shows
that Tc increased 10 K as the samples were heated at higher
temperature with the same cooling rate. It is also noted in
Figure 4 that Tc shows the hi댄hest value of 93 K for sample
(c) which was heated at the highest temperature and cooled
rapidly. The optimum syn1the$is temperature for the oxide
superconductors is slightly below the melting point of the
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Fioure 4. AC susceptibility vs temperature for
several bulk samples of nominal composition
4:3:3:4 of Bi c。πpounds heat treated under
different conditions.
(a) Sample heated to 840°C and slowly cooled.
(b) Sample heated to 860 °c and slowly cooled.
(c) Sample melted at 1140 °c and cooled in tw。
hours to 890°C and maintained at this
temperature for three days prior to being
quenched.
(d) Sample melted at 1140 °c and slowly cooled.
most crucial step is the annealing.
compounds , which is about 860°C for Bi compounds (78). The
Samples are either
directly annealed at high temperature in the appropriate
environment of various gases such as oxygen with different
cooling rates , or are directly quenched in liquid nitrogen
(7 9) • The range of cooling rate is usually from 1°C/sec t。
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100 °Cjsec. Yoshimura et ale (80) have reported on
preparation of amorphous films by rapid quenching after rapid
melting , with a cooling rate of 105 Kjsec. They concentrated
。n the melt-quenching technique of preparing completely
amorphous films , but did not investigate the effect of slower
cooling rates. These amorphous samples must be further heat
treated at high temperature (1073 K, then quenched) to become
superconductors. In this thesis , the relationship between
heat treatment and the properties of superconductors , and the
mechanisms involved have been further investigated. This
research is focused on the effects of rapid heating and
cooling on the composition , structure and superconducting
properties of the bismuth-based cuprate superconductors. An
unique apparatus , a ballistic compressor (BC) in the physics
department of Portland State University , can produce dense gas
at about 6000 K for a millisecond , which is followed
immediately by a cooling rate of about 105 °Cjsec. This
apparatus has been utilized to produce repeated rapid thermal
cycles after which changes in the superconducting properties
and structure were observed.
EXPERIMENTAL PROCEDURE
Preparation of 8i Compound Samples
The superconducting ceramic samples of nominal
c。깨pos i tion Bi2.xPbxSr2Ca2Cu30y with x=O. 2 were prepared by the
conventional solid state reaction in air. The synthesis is as
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follows: the high-purity oxides or carbonates of the
constituent metals , i. e. Bi203 (99 웅 pure , Em Industries , Inc) ,
Pb304 (99.5 응 pure , J. T. Baker Chern. Co.) , SrCG3 (98.5웅 pure ,
General Chern. Div.) , CaC03 (99.95웅 pure after 2 hours at 285
DC , Mallinckrodt. Inc.) , and CuD (99.5 웅 pure , J. T. Baker
Chern. Co.) were employed as the starting materials. The CaC03
was dried in advance by heating in air at 200°C for about 2
hours to obtain a dry compound. These powders were weighed
approximately in the ratio [Bi]:[Pb]:[Sr]:[Ca]:[Cu]
2.1:0.23:1.5:1.0:1.2 to give the stoichiometry 2:2:2:3. The
powders were thoroughly mixed and ground by hand in a mortar
and pestle. Then , the mixed powder was calcined at 800 ± 7 ~
for 16 hours in air. The sinter was removed from the furnace
and reground in the same way as before to ensure sample
uniformity. Using a hydraulic press (Buehler 20-1311) , the
powder was pressed into pellets of 0.5 inch in diameter , with
various thickness from 0.8 mm to 2.5 mm at a pressure as high
as 10 , 000 p. s. i. and a temperature of about 100°C. The
pellets were placed together on edge in a mullite tube and
then heated in air at a temperature of 865°C ± 7 °c for 60
hours. Then the pellets were removed from the furnace and
directly dropped into liquid nitrogen. The cooling rate is
estimated to be less than 100 K/ sec. Some quenched bulk
samples were glued to a thin slice of glass with super glue t。
facilitate grinding to thinner samples. These samples were
ground on the sic abrasive papers with 400 mesh abrasive (400
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。penings per inch) and then 600 mesh. After grinding , samples
。n the glass substrates with thickness of about 0.8 mm-1.0 mm
are called thin samples. Here the research on only two bulk
samples with thickness of about 2.5 - 3.0 mm and two thin
samples of the same batch of specimens will be described.
These are denoted #1 and #2 for the bulk samples without and
with Pb doping , respectively , and thin#l and thin#2 for the
thin samples.
Research was also performed on one annealed thin film
sample of the Bi-based compound on a LaAl03 substrate (denoted
film#l) , which was obtained in Jan. 1991. Another annealed
and one unannealed thin film samples of this compound on
srTi03 substrates (denoted film#2 and unfilm , respectively) ,
were received in Sept. 1991. Theses three samples were from
Superconducting Components , Inc. , and were made by
sputtering. The dimensions for these samples were 1.0 x 1.0
cm2 and the thickness of films was about 2000 A. There were
gold bands on the surface of sample film#2 for electrical
contacts , so it was divided into three portions. Another thin
film sample of Bi-Sr-Ca-Cu-O compound on a MgO substrate
(denoted film#3) , which was received from the laboratory of A.
w. Sleight at Oregon State University , was also used in this
research work. It was reported that this thin film sample was
deposited on a MgO substrate by spin coating from liquid
solution precursors (81). One piece 2.0 mm x 10.0 mm that was
cut from each film sample was not exposed in the ballistic
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compressor so that its properties could be compared with the
same sample after Be treatments. Table I gives an overview
for these samples , which were investigated in this research
work.
TABLE I
OVERVIEW OF SAMPLES
thick #1 - 2.8 mm with Pb
sample
#2 ‘ 2.5 mm without Pb
Bulk Samples thin thin;.￥ l - 0.8 mm with Pb
sample
thin#2
film#l 。n LaAI03
Thin Film Samples film#2 。n SrTi03 without
unfil깨 。n SrTi03 Pb
film#3 。n MgO
For the transmission electron microscopy study ,
superconducting particles were scraped carefully fr。미 both the
unexposed and exposed surfaces of samples by using a single
edge razor blade. Then the particles were put between tw。
glass slides and further milled to produce smaller particles.
The smallest particles were deposited onto a grid coated with
a thin evaporated gold film , which was held vertically with a
forceps and carefully tapped to remove all particles which did
not adhere by electrostatic attraction. By this method of
specimen preparation , the structure of the superconductor
particles can be precisely determined by electron diffraction ,
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using the superimposed electron diffraction pattern of the
gold substrate film for calibration.
Experimental Procedure
After sample preparation , a qualitative test of the
Meissner effect was made by observing whether or not a small
magnet was repelled above the surface of pellets immersed in
liquid nitrogen , so the presence of superconductivity could be
determined.
Superconducting properties were analyzed by measurement
。 f the temperature dependence of electrical resistance of the
bulk and thin samples carried out by a standard four-point
probe configuration (82) using a constant current. Electrical
contacts of these samples were made by thin silver foils
attached to the surface of the samples with a conducting , air-
drying , silver paste (colloidal silver liquid). The samples
were placed on a styrofoam cup and immersed in liquid
nitrogen. Two leads from a stable current source are used t。
inject a low current into each sample in turn. Two voltage
probes are mounted on the sample between the current leads t。
give a measurement of sample resistance. The temperature of
the bulk samples was monitored with a copper-constantan
thermocouple inserted in a hole drilled into the side of .the
pellet. The T(' measurements were also determined with the
same thermocouple attached on the surface of the thin samples.
The range of measuring currents used in direct current Tc
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measurements was about 30 mA - 100 mAo For some thin samples
and thin film samples , a.c. resistance measurements were made
in the similar four terminal method in the range 77.7-150 K by
using an AC susceptometer (Lake Shore model 7000) , which is in
the laboratory of A. W. Sleight at Oregon state University ,
with a known AC constant of 400 A/m , frequency 100 Hz , and
current 100 μA. The temperature was increased 1 K per min in
the range 77.7-95 K, and 3 K per min in the range 100-150 K.
AC magnetic susceptibility measurements were als。
performed using the same susceptometer consisting of a primary
coil and a pair of secondaries connected in series opposition
(83) . Samples move between upper and lower secondaries in
。rder to eliminate noise that is introduced by the instrument
and the detection system. The sample is subjected to a small
AC magnetic field , and the flux variation due to the sample is
picked up by a sensing coil surrounding the sample and the
resulting voltage induced in the coil is detected. The
measured induced voltage in the presence of a sample is
proportional to the susceptibility. In this study , Meissner
diamagnetism measurements (X) of both thin (0.8 mm) and film
samples were made in the range 4.2 K - 150 K. The same AC
susceptometer was used with similar conditions except that the
temperature was increased 3 K / min in the range 4.2-77.7 K
and frequency was either 80 Hz or 100 Hz , depending on the
size of samples.
Phase identification of all samples was carried out at
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room temperature with an X-ray diffractometer using
monochromatized Cu-K“ radiation with λ=1.54050 A. A PHILIPS
XRG-3000 x-ray diffractometer (XRD) was used to record
diffraction spectra of samples with a scanning speed of 1.0
°jminute and a chart speed of 0.5 inch per degree in the range
2° -( 20 -( 60°.
The microstructural characterization was performed using
scanning electron microscopy (SEM). An lSI SS40 SEM was used.
The chemical composition analysis of the samples was performed
with a LINK energy dispersive spectrometer (EDS) attached t。
the SEM. A detector window with thickness of about 0.1 μm was
used. The energy of the beam for Bi-based superconductors was
20 kev. A LINK Analytical AN-10000 software package was used
for spectrum analysis.
Transmission electron microscopy was performed with a
HITACHI HU-125 transmission electron microscope (TEM) equipped
with a ± 10° universal tilt specimen holder.
The measurements mentioned above were made on the same
samples before and after exposure in the ballistic compressor
in order to investigate the BC treatment effects on
superconductivity , morphology , composition , and structure.
Operation of the Ballistic Compressor
The ballistic compressor is an unique apparatus at
Portland state University which can be used to produce rapid
heating and cooling cycles. A detailed report of its
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Fiqure 5. Diagrams of the ballistic compressor at
the P.S.D. (a) A side view of the ballistic
compressor. (b) A pressure transducer is mounted
in the end wall of the high pressure head. (c) The
piston holding and release mechanism are contained
in the driving gas reservoir. (d) Diagram of the
piston (52.6 cm long).
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the driving gas reservoir and isolated from the driving gas
pressure by an a-ring. The ballistic compressor was filled
with argon gas , which is inert to the chemical elements of the
sample.
Before firing , the driving gas reservoir was filled with
argon up to either 20.4 atm. or 23.8 atm. , and the long tube
was filled to 0.5 atm. or 1.0 atm. When released , the piston
moved forward. The maximum possible distance that the piston
moved in the ballistic compressor is 2.77 m. The gas in the
high pressure head was compressed in half a millisecond , and
the temperature was as high as 6000 K and the pressure was
about 3000 atm. Then the piston rebounded , so samples were
exposed to hot , dense gas for a short time , followed by a
cool ing rate as fast as about 105 °Cj sec.
In the BC treatment process , the peak pressure was
detected by a PCB piezotronics pressure transducer (Model
105A) , which is mounted at the end of the side wall of the
high pressure head. The electrical signals then were
displayed on an oscilloscope (Tektronix RM35A) and recorded by
a polaroid camera. In order to characterize the thermodynamic
conditions of the test gas in the ballistic c。πpressor， gas
leakage , viscous friction , and heat losses were taken int。
account in the theoretical analysis of the piston ’ s motion.
Also , a simulated test experiment was made to determine the
peak pressure and the minimum volume of the test gas. In the
simulated test experiment , a copper rod about 5.0 inches long
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was inserted and glued in a hole at the center of the piston
head. After firing , it was bent into a different length that
showed the minimum volume of the test gas after firing in the
ballistic compressor at different conditions. Then a few
trials with different values of the piston gap and different
temperature gradients at the wall were run on the computer
until the computed peak pressure and minimum volume of the
test gas agreed with experiments. After these steps , the peak
pressures and temperatures in the BC treatment processes were
determined uniquely. The computed peak pressures and
temperatures of samples fired under different conditions in
the ballistic compressor are listed in Table II.
TABLE II
A LIST OF THE COMPUTED PEAK PRESSURES AND TEMPERATURES
FOR SAMPLES FIRED UNDER DIFFERENT CONDITIONS
IN THE BALLISTIC COMPRESSOR
P !c:st Tlcst Pres Trcs DOlin Peak P Peak T
atm. K atm. K cm atm. K
0.5 297.9 20.4 297.9 2.90 644.4 2938.8
1. 0 297.7 20.4 297.7 7.50 233.0 1504.2
1. 0 297.6 23.8 297.6 6.60 335.9 1833.7
The samples of thin#l , thin#2 , and film#3 were fired at
1833 K and 335 atm. , samples film#l , film#2 , and unfilm were
treated at 1504 K and 233 atm. , and bulk samples #1 and #2
were fired at 2938 K and 644 atm. The thermal conditions were
limited to avoid fracture and melting of samples in the
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ballistic compressor. Samples usually were treated one , tw。
。r three times to maximize the effects of the Be treatments.
Different firing conditions for these samples are listed in
Table III. After BC treatment , samples were removed from the
ballistic compressor and examined under TEM , EDS , SEM , and X-
ray. Tc was also measured.
TABLE III
LIST OF FIRING CONDITIONS FOR TESTED
SAMPLES
Name of Firing Peak P Peak T
Sample Times in BC atm. K
Bulk Thick #1 。ne time 644 2938
Samples Sample
#2 two times 644 2938
Thin thin#1 。ne time 335 1833
Sample
thin#2 two times 335 1833
Thin Film film#1 。ne time 233 1504
Sa깨pIes
film#2 three times 233 1504
unfilm three times 233 1504
film#3 three times 335 1833
CHAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION
INTRODUCTION
In this thesis Bi-Sr-Ca-Cu-O samples treated in the
ballistic compressor were studied in order to elucidate the
details of effects of rapid heating and cooling on the
structure , composition , and superconducting properties of
superconductors. X-ray diffraction was used to determine the
crystalline phases in the samples , while transmission electron
microscopy and scanning electron microscopy with energy
dispersive spectrometry were the main techniques used t。
characterize the microstructure and composition of the
samples. In addition , microstructural observations were
correlated with DC and AC resistance and AC magnetic
susceptibility measurements. Tc data were determined in the
l ’warming up" process as the temperature at which the
electrical resistance dropped almost to zero. A small
remaining resistance at temperatures lower than Tc was due t。
the contact resistance through which a small current passed ,
due to the finite input impedance of the voltmeter. The onset
。 f superconductivity was taken as the temperature at which the
tangent of the resistance against temperature curve for the
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normal state intersected the tangent of the part where the
resistance dropped precipitously. The purpose of this
research was to find the changes in Tc and microstructure of
superconductors caused by the Be treatment. So the
measurements of resistance versus temperature for bulk and
thin samples before and after exposure in the ballistic
compressor were performed in the same directions which were
located relative to the locations of thermocouple and with
nearly the exact same experimental conditions , such as
currents , heating rate , etc. From these results , the
relationship between defects and superconductivity in this Bi-
based system will be discussed in terms of the charge transfer
model.
EXPERIMENTAL RESULTS
Simple Meissner Effect Test
A small magnet was placed above either unexposed or
exposed bulk samples (0.5 to 3 mm thick) which were cooled in
liquid nitrogen. The magnet was repelled to various degrees
by the cooled sample , depending on the strength of the
Meissner effect. The procedure of this experiment has already
been described elsewhere (86). Sometimes it was difficult t。
decide the difference between unexposed and exposed samples ,
so this is only a qualitative test to help in determining the
qualities of superconductor samples.
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versus temperature curves in Figures 9 (a) and (b) shows the
zero resistance temperature changed from 87 K to 92 K after
exposure in the ballistic compressor. It should be noted that
the R-T curve after BC exposure shows a different shape with
a step-like behavior , which is similar to the result obtained
for the bulk samples #1 after the BC treatment. From Figure
9-b , it appears that the steps at 117 K, 103 K and 94 K, can
be deduced. Figure 10 (a) shows that the Tc of the sample
thin#2 increased about 2 K. This was measured on 3-4-92. The
critical temperature results for the same sample obtained
after more than one month is shown in Figure 10 (b).
An interesting result for the thin film sample film#2 is
that the resistance/temperature curve shows semiconducting
behavior before the BC treatment (Figure 11 (a». After the
third exposure in the ballistic compressor , the electrical
resistance curve in Figure 11 (b) displayed the same
semiconducting behavior. From this experiment , it indicated
this treatment did not change the semiconductor properties of
the thin film sample.
The diamagnetic susceptibility was observed for the thin
and film samples , thin#2 , film#I , and f ilm#3 . The
susceptibility versus temperature curves for the thin sample
thin#2 before and after the second exposure are presented in
Figure 12 (a) , which was measured on 4-20-92. The transition
to superconductivity (onset of the Meissner signal) is
uniformly situated at about. 113 K, in agreement with the
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resistance measurements. The slope of the susceptibili ty-
temperature curve changed greatly at about 95 K. The Meissner
signals are not smooth but contain one or more steps in the
region between about 113 K and 97 K. Thus , these
susceptibility jtemperature curves show different slopes before
and after exposure in the BC , and also display an increase of
the slope after the second exposure.
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Fiqure 13. The AC susceptibility X of the thin film
sample film#l. (a) before and (b) after first
exposure in the ballistic compressor.
(88). The results of the BC treatment show that Te increased
about 3 K, with step-like behavior in the X-T curve. It is
worth noting that the superconducting behavior of the sample
film#3 after the third exposure (Figure 15) shows a Te of 120
K. This may be one of the highest Te for a thin film sample
。f the Bi compounds because it is extremely difficult to grow
a thin film of a Bi-based compound with ore above 100 K.
56
thisUnfortunately , result could not be reproduced because
morethere were n。 thin film samples available.
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SEM Investiqations
The unannealed thin film sample (unfilm) did not underg。
heat treatment after it was deposited on a SrTi03 substrate.
This film easily came off the substrate when treated in the
BC. A photograph of the whole area of a film sample after BC
exposure , is shown in Figure 16 (a). This shows that the
film , which was uniform before BC treatment , is very
nonuniform after the treatment. From the difference in color
。 f the sample surface , it is apparent that the sample is not
uniform after exposure in the ballistic compressor. The SEM
image , which is an enlargement of the brown colored area on
the surface of this film sample , displays a bubble-like
surface (Figure 16 (b)).
The ballistic compressor treatment changed the black
color of the exposed surface of superconductors slightly to a
copper color , and also increased porosity. Figure 17 shows
scanning electron micrographs (1600X) of the sample thin#l
without (a) and with (b) BC treatment , which were from the
different location so that to show the obviously the BC
treatment effect. In Figure 17 (a) , the sample had a granular
structure and there were plate-like grains before exposure.
These plate-like crystals generally grow in random directions
and form a porous structure. It has been found that the
needle-like grains are the low Tc phase (2201) , and the plate-
like structures are the high Tc phases (89-91). After the BC
treatment , part of this surface was changed , but some plate-
Fioure 16. A photograph and a micrograph of the
unannealed thin film sample (unfil미) after the
first exposure in the ballistic compressor. (a) a
photograph of whole area of the exposed sample. (b)
a SEM i깨age of brown colored area on the surface.
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Fi디ure 17. Scanning electron microscope image of
thin sample thin#2. (a) before and (b) after
exposure in the ball istic compressor. The left
arrow in (a) indicates plate-like particles which
are thought to be the high Tc phases. The right
arrow in (a) indicates a needle-like particle which
깨ay be the low Tc phase.
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After the BC treatment , part of this surface was changed , but
some plate-like crystals still remained.
In order to determine the depth of the heat-affected
zone in the sample after ballistic compressor treatment ,
bulk sample #2 was ground on edge using 600-mesh
sandpaper. This ground cross section was observed with
the SEM. The SEM image of the cross-section is shown
in Figure 18. When samples were fired in the ballistic
compressor , the hot , dense gas only affected the surface
。f samples to a depth of about 10 μm which displayed
a smoother and more dense condition. At high
magnification (3450X) , the SEM cross-section micrograph in
Figure 18 displays clearly the distinction between
unaffected and affected layers. The BC treatment only
affected the surface of the sample to a depth of about
10-3 cm. Therefore , the BC treatment is called a "skin
effect".
EDS Investioation
It is commonly found that the chemical composition of
cuprate samples varies considerably from grain to grain of
。ne sample. An average elemental composition analysis of a
sample usually was performed with the electron beam scanning
an area of about 1.2 mm x 1.2 mm on the sample ’ s surface
at low magnification. In order to compare the compositions of
samples before and after exposure in the ballistic compressor ,
Fiqure 18. SEM cross-section micrograph of a bulk
sample #2. It showed that the Be treatment affected
the surface of sample to a depth of about 10 μm.
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。ne unexposed piece and another exposed piece , which both were
from the same sample , were observed side by side at the same
working conditions such as same magnification , etc. Before
exposure in the ballistic compressor , the compositions of the
thin samples of Bi-Pb-Sr-ca-Cu-O compounds vary greatly from
。ne location to another. For example , the ratio of
characteristic x-ray peak intensities of Cu to (Bi+Pb) ranges
from 0.2 to 0.4 depending on the location in the sample. The
ratio of characteristic x-ray peak intensities of Sr : Ca
ranges from 1.9 to 1.5. Pb and Bi intensities are very
difficult to estimate separately , for their peaks in the low
energy region are overlapped because of having close energies
。 f 2.342 Kev and 2.418 Kev , respectively. It should be noted
that the superconducting phases have a variable composition in
a Bi solid solution (39). After the BC treatment , n。
straightforward relationship can be obtained between the
unexposed and exposed samples , so that means the contents of
Bi , Ca , and Sr changed randomly. No obvious regularity in the
average composition was obtained although great attention was
paid to take a series of average composition analyses from the
exposed surface. But most EDS data show that the content of
copper increased after the BC treatment. The qualitative
cross-sectional composition analysis of thin samples showed
clear changes in contents of oxygen and Cu after the BC
treatment. Figure 19 shows a cross-sectional micrograph of
the saπple thin#2 after the third BC treatment.
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Fiqure 19. SEM cross-section micrograph of the
pellet thin#2.
The point analysis was carried out at the points which were
less than 10 μm from the unexposed surface (arrowed point A)
and from the exposed surface (arrowed point B) on the cross-
section of the thin sample.
Figure 20 (a) and (b) illustrate typical energy
dispersive spectra which are from the A and B points in Figure
19 , respectively. Comparison of these two spectra shows that
the ratio of cu"‘’ to Bi increased from 0.27 to 0.52.
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It appears that oxygen evaporated in the BC
treatment process. After examining several points on each
side of the sample thin#2 , we found the general tendency that -
the ratio of CUKa to Bi is slightly higher on the exposed side
and the amount of oxygen decreased after the BC treatment.
These results are shown in Table IV. But the fourth trial
shows opposite results. This may be due to the fact that this
point analysis was too far from the exposed side. We could
not quantify exactly the oxygen loss because a standard of
known oxygen content was not available.
TABLE IV
COMPARISON OF THE RATIO OF CUKa TO Bi AND THE RATIO OF 0Ka
TO CU~ BEFORE AND AFTER BC TREATMENT
CUKa/Bi °Ka/CU~
Trial
unexp. expo unexp. expo
1 0.16 0.26 2.89 1. 17
2 0.21 0.43 2.30 1. 53
3 0.18 0.32 2.31 1. 24
4 0.25 0.18 2.07 2.35
X-ray Diffraction Investiqation
X-ray diffraction has been used to detect the presence
or absence of the three superconducting phases of Bi compounds
by observing the diffraction patterns obtained by standard x-
ray diffraction analysis methods. The phase identifications
were made by using the known lattice parameters for the
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tetragonal structures of these three phases , which were
published by Tallon et al.(43) and Maeda et al.(92). The
distance d hk1 between adjacent lattice planes in the space
lattices is expressed as follows:
l
_, 2
나hkl
-
h2 +k2+ 끈
a 2 c 2
(4.1)
where the h ,k , l are the Miller indices of the respective plane
and a and c are the lattice parameters. The lattice
parameters for the three phases are shown in Table V (43).
TABLE V
LATTICE PARAMETERS OF THREE PHASES IN Bi-BASED SYSTEM
a (A) b (A) c (A)
n=l (2201) 5.4 5.4 24.6
n=2 (2212) 5.4 5.4 30.76
n=3 (2223) 5.4 5.4 37.1
These three phases in the sample were identified by comparing
the spectra with a computer program (93) , which computed a
series of theoretical values of d-spacing (de• l ) of the planes ,
which were obtained by using the known lattice parameters for
the three phases in Bi-based compounds. Thin samples and thin
film samples were investigated under an x-ray diffractometer
before and after each exposure in the ballistic compressor.
Penetration depth of x-ray was about one thousand unit cells.
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It is thought that the changes in the relative intensities and
the full-width-half-maximum (FWHM) values for the same peaks
were caused by the BC treatment.
The x-ray diffraction patterns of the sample thin#2
before and after exposure in the ballistic compressor are
shown in Figure 21. As is well known (94-96) , the diffraction
line at low 20 region such as 20 ~ 20 ~ 25 0 are clean signals
with less overlap from other peaks. For example , the
diffraction peak at 20 = 7.2 0 corresponding to (002) planes of
the 2201 phase , the line at 20 = 5.70 corresponding to (002)
planes of the 2212 phase , and the line at 20 = 4.7。
corresponding to (002) planes of the 2223 phase are easily
distinguishable. So these are examined carefully to indicate
best the relative amounts of the superconducting phases. In
the high 20 region , the diffraction lines are often
。verlapped， and therefore it is difficult to calculate the
contribution of each individual phase. As such , these tw。
diffraction patterns for the sample thin#2 in Figure 21 (a)
and (b) reveal the absence of the peak at 20 = 7.2 0
corresponding to the 2201 phase and the peak at 4.70
corresponding to the 2223 phase for both before and after the
BC treatment. A broad peak at 21.8 U corresponding to the 2201
phase disappeared after exposure to hot , dense argon. But the
amount of the 2212 phase obviously increased because the
intensity of the peak at 20 = 5.8 0 corresponding to the 2212
phase increased after the BC treatment , as is shown in Figure
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Fiqure 21. The cu K“ x-ray diffraction pattern of
sample thin#2. (a) beforε and (b) aft~r the first
exposure in the ballistic compressor. I X-ray
diffractographs from (a) and (b) in t~e low angle
region of (c) before and (d) after the BC
treatment. The arrowed peak was unidentified.
21 (c) and (d). The new peak at 20 = 27. g,o (arrowed in
Figure 21) was unidentified.
Identification of all the major reflections indicated
that the sample contained mainly the 2212 phase , which als。
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coexists with other minor phases , including the 2223 phase and
the 2201 phase. In the case of the sample thin#2 the first 18
lines were taken into account and shown in Table VI , in which
the main reflection were indexed. Here the theoretical d-
spacing deAl and the experimental dobs were compared.
Additionally , the relative intensities and the FWHM of each
peak were evaluated.
From comparison , there are no changes in the locations
。f peaks before and after exposure. This indicates that the
geometry of the lattice was not affect by the BC treatment ,
and the deviation of 0.10 between before and after treatment
is within the error range for the diffractometer measurements.
In the high angle region , the changes of the relative
intensities for these three phases did not show clearly the
growth of one phase with the decrease of another phase. The
full-width-half-maximum measurements are either related to the
size of crystals (97) , or are the result of stacking faults ,
etc (42). In Table VI , the FWHM of the main reflections , for
which the relative intensities of peaks are higher than 50웅 ,
increased after the BC treatment. These lines which broadened
mainly correspond to the 2212 phase.
For comparison , the x-ray diffraction data for the
sample thin#l are given in Table VII. In the low angle
region , the peak at 20 = 5.70 corresponding to the 2212 phase
did not change after the BC treatment , but a clean peak at 20
= 24.60 corresponding to (105) plane for the low-Te phase
70
disappeared , and two new peaks appeared after the first Be
exposure at 20=24.0° and 20 =24.9°. These are indexed as the
(113) plane for the 2212 phase and the (0010) plane for the
2223 phase , respectively , without ambiguity. These features
are also shown in the x-ray diffractographs for the sample
thin#l in Figure 22.
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28 26 24 22
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띨敏써鋼그‘,•L」나m-----n。F-dac In low angle region , x-rayfor the sample thin#l. (a) beforefirst exposure in the ballistic
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In Table VII , a point of similarity between the samples thin#l
and thin#2 is that the effect on the relative intensities of
lines for a certain phase , which could be changed by the BC
treatment , was not clearly evident in the high angle region.
Appositely , the FWHM data shows a tendency to decrease for
the lines with higher relative intensities than 50 , instead of
an increase for the saπple thin#2 after the BC treatment ,
which is shown in Table VI. The results of the FWHM obtained
in the x-ray experiments is similar to that of Straub (86) ,
who found also opposite results for two thin samples.
Table VIII shows the x-ray diffraction data for the thin
film sample film#3. Only six reflection lines were obtained
in x-ray diffraction patterns. From comparison , similar
increases of the relative intensities of lines in the low
angle region and similar increases of the FWHM of peaks were
。bserved after the second exposure in the ballistic
compressor.
However , some additional lines which were not explained
by the presence of the three phases mentioned above might be
caused by some small contribution to the composition of sample
by compounds such as CaCu20 3 (20=36.3°) , Ca2Pb04 (20=17.6°) ,
etc. , similar to the results reported by TU , at al. (77) and
Jhu at al. (96).
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TEM Investiqation
Two selected area (1.8 x 10~ cm2 ) electron diffraction
patterns with an incident beam along [001] for the bulk sample
#2 before and after the first exposure in the ballistic
compressor are shown in Figure 23 (87).
Fiqure 23. Typical electron diffraction pattern
from the bulk sample #2 along the [001] direction.
(a) before and (b) after the BC treatment.
These two electron diffraction patterns (a) and (b) in Figure
23 were obtained from particles removed from the surfaces of
sample before and after the first BC treatment , respectively.
The rings in this pattern (Figure 23 (a)) were from a
calibration gold film , which was deposited on the same grid.
Comparison of these two electron diffraction patterns indicate
that the relative intensities changed after the first
treatment. For example , before exposure in the ballistic
78
compressor , spots along the [100] direction show equal
intensities , in Figure 23 (a). After the BC treatment , spots
along this direction showed unequal intensities (Figure 23
(b)) , similar results were observed in the sample thin#l and
(a) before the BC treatment after the BC treatment
(b) before the BC treatment after the BC treatment
Fiqure 24. Typical electron diffraction pattern
along the [001] direction. (a) from the sample
thin#2 and (b) from the thin film sample film#l.
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in the thin film samples film#3 , which are shown in Figure 24
(a) and (b) , respectively.
The lattice constants of the superconductors illustrated
in these patterns were calculated , yielding a pseudo-
tetragonal cell of a ~ b = 5.4 A. Values of c for the three
phases in Bi-based c。깨pounds were reported elsewhere by other
research groups (89-91). A common , important feature of the
electron diffraction patterns of Bi-based compounds is a fall-
。ff of intensity of reflections between fundamental
reflections along [010] and an incommensuration of the
superlattice reflections along the same direction (89). The
lattice constant of the superstructure observed between tw。
adjacent spots was measured carefully under a travelling
e따m.m For example , along a line of strong spots in
Figure 23 (a) and (b) , the main reflections (200 , 020 , and s。
forth) are flanked by two or three weak spots on each side
with a main separation of 25.4 Abetween the secondary spots ,
which is the same as in other reports (67 , 92 , 94). This is
consistent along the pattern and corresponds to the
incommensuration with a 4. 7xb A period along the b axis.
Electron diffraction patterns of the thin film sample film#3
before and after the third BC treatment are shown in Figure 25
(a) and (c) , in 써hich the strong modulation along the b-
direction is observed clearly. The important point to notice
is that the intensities of the main reflection 020 spots along
the lines A in Figure 25 (a) and (c) increased after the BC
b
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Fiqure 25. Selected area electron diffraction
patterns from a thin film sample f i lm#3 in the
[001] zone axes. (a) before and (c) after the
third BC treatment. (b) and (d) Schematic diagrams
。 f the superstructure in the a-b plane before and
after the third BC treatment.
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treatment , but inversely , the intensities of the main
reflection 200 spots along the lines B decreased after this
treatment. In Figure 25 (a) and (c) , the periodicities of the
superlattice are complicated and composed of approximate
periodic combinations. Although the periodicity of 25.4 A is
present , additional periods of 38.7 A and 72.6 A ( indicated
by arrows in Figure 25) are also observed. This
superstructure is shown schematically in Figure 25 (b) and
(d) . The intensities of the spots which correspond to an
interplanar distance of 72.6 Aare weaker than the rest of the
spots. R. Herrera et al. (89) reported the periods of 26.4 A,
27.2 A, 27.5 A, and 30.9 A. E. Hewat et al. (91) found
average repeat periods of 25.1 A, 25.5 A, 75.2 A, and 102 A.
In Figure 25 (a) and (c) , a comparison between these tw。
electron diffraction patterns , which were observed carefully
with a travelling microscope , shows that BC treatment leads t。
a change in the type of modulation. A series of notable weak
spots are arrowed in Figure 25 (a) and (b). These correspond
to the superstructure length of 72.6 A in the unexposed
sample , whereas these weak spots disappeared after the BC
treatment in Figure 25 (c) and (d). This is an interesting
phenomenon but not understood.
Twist boundaries , which occur in bands of parallel
planes within a crystal , were reported in Bi-based compounds
(91). Figure 26 (a) shows the electron diffraction pattern of
a twist boundary from the edge of a particle of the thin film
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sample film#l (Figure 26 (b)) after the first BC treatment.
viewed down the c-axis , the successive layers have the a- and
b-axes interchanged. The twist boundary plane is on (001).
c
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Fiqure 26. Electron diffraction pattern of a twist
boundary ((001) plane) for film sample film#l found
after the first BC treatment. (a) EDP of the twist
boundary. (b) EDP from the edge of a particle of
the exposed sample film#l. (c) Schematic
representation of a twist boundary viewed down
[001] .
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This type of defect is often associated with overlapping
crystals , which are shown schematically in Figure 26 (c). The
。ther type of twist electron diffraction pattern from the same
sa깨pie film#l after exposure in the ballistic compressor is
shown in Figure 27 (a).
Fiqure 27. Electron diffraction pattern «010)
plane of a twist boundary found in the same sample
fil깨#1. (a) EDP of the twist boundary. (b) EDP
from the edge of a particle of the exposed sample.
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This electron diffraction pattern is along the [010] zone and
the successive layers are overlapped at 81°. Similar twist
electron diffraction patterns were found in the exposed thin
samples. The density of twist boundaries seen in the exposed
samples is higher than in the unexposed samples. The BC
treatment apparently caused this increase.
DISCUSSION
The samples used for studying the effect on composition ,
structure , and superconductivity in the Bi system after
exposure in the ballistic compressor have revealed many
interesting results. The electrical resistance versus
temperature measurements for all samples mentioned above show
that the Tc increased about 3 K - 6 K after exposure in the
ballistic compressor. Sample #2 exhibited a T(' of 85 K and 89
K before and after thefirst BC treatment , respectively ,
whereas , the superconducting transition width changed from 18
K before exposure to 12 K after the second exposure.
More than one high Tc phases exist in the samples
studied. These have showed different onset temperatures.
After exposure in the ballistic compressor , a common
phenomenon is that the R-T curves showed two different slopes.
For the bulk sample #2 , only one superconducting transition
was observed , but two transitions occur in the samples #1 ,
thin# 1 , and thin#2 , indicating the presence of two high Tc
phases. This phenomena indicates that there is a change from
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the low Tc phase to the high Tc phases during the BC
treatment. Worth mentioning is that the electrical resistance
versus temperature measurements for the bulk and thin samples
showed a variation in Tc as measured at different directions
。n the samples , which was reported very clearly by Straub (86)
also. This phenomenon was probably due to the inhomogeneity
。 f the cuprate superconductors. But the susceptibility
measurements determined the overall superconducting behavior
。 f the whole sample (including the substrate but its magnetic
susceptibility was so small that would not affect this
measurement) . The susceptibility versus temperature
measurements for the sample thin#2 show that the onset
temperature of samples after BC treatment remained unchanged
at 113 K. And the onset temperatures for the thin film
samples film#l and film#3 after the BC treatment were higher
than before this treatment , thus seeming to improve the
superconducting behavior with an increase of about 3 K after
exposure in the ballistic compressor. The likelihood is that
the BC treatment is a surface effect , and thin pellet samples
have much larger masses than the thin film samples. The
amount of 2223 phase formed on the surface by BC treatment is
too small to strongly influence the susceptibility of the bulk
sample. So , it is difficult to show a change in the onset
temperature by means of susceptibility measurements. But , the
susceptibility versus temperature and R-T plots for a thin
pellet sample are quite identical in showing a sharp change in
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the slope at 113 K after exposure of a sample in the ballistic
compressor. The diamagnetic signal is not smooth after BC
treatment , but contains steps in the region between about 113
K and 77 K. This indicates also the presence of more than one
high T(. phase after the BC treatment. Further exposure (more
than three) in the ballistic compressor caused the samples t。
break.
These experimental results of the resistance and
susceptibility measurements for the same kind of samples show
a variation of range in ~. after exposure in the BC. And , the
reproducibi 1 i ty of resistance measurement for some samples
remains a problem. This problem may be caused by the
inhomogenei ty of samples. The samples were not treated
uniformly in the BC process , as was obvious under SEM
examination. However , it has been seen that the improvement
。f superconducting behavior and the presence of more high-Tc
phases indicates an important possibility of improved
superconducting properties by transformation in the Be
treatment process.
X-ray diffraction patterns of samples thin#l , thin#2 ,
and film#3 were examined for the superconducting phases and
for impurity phases and compared to the pUblished structures.
All samples tested were 깨ultiphase， containing mostly 2212
phase , and minor fractions of 2201 phase and 2223 phase. The
high T(. phase has been detected in the high angle region of x-
ray diffraction pattern. Its presence was also suggested by
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the results of magnetic susceptibility and electrical
resistance measurements. Ganapathi et al. (98) and Polonka
(99) reported the same phenomenon for the x-ray data and the
susceptibility measurements. The volume percent of high Tc
phase was estimated to be less than 5% (98 , 99) , which is the
detection limit of the x-ray diffractometer , since it was not
。bserved in the x-ray diffraction patterns. The close
examination of x-ray diffraction patterns of samples thin#2
and film#3 suggests that the 2212 phase at 20 = 5.70 is
increased in appreciable amount , and the intensity for the low
Tc phase decreases after exposure of sample in the ballistic
compressor. Similar phenomena are displayed in the x-ray
diffraction pattern of the exposed sample thin#1; the line at
20 = 24.6° due to the low Tc phase decreased in intensity below
the background level , while the peaks due to 2212 and 2223
phases increased and were detectable , probably due to phase
transformation taking place during the Be treatment.
Therefore ,
conclusion
these
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measurements that indicate improvement
behavior and phase transformation.
Table VI , VII , and VIII all show changes in the
relative intensities for the tested samples , with especially ,
an increase in the intensities of the higher peaks of the 2212
phase. The changes of relative intensities for both x-ray
diffraction data and the electron diffraction patterns after
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the exposure of samples in the ballistic compressor may be due
to: (1) change in relative amounts of phases present , and (2)
change in the arrangement of atoms in structures of the
cuprate superconductors (100) , and (3) a small change in the
。rientation of sample. In the x-ray diffraction and electron
diffraction experiments , the intensity of the scattered wave
from the unit cell of samples , I"kl' is proportional to the
square of the amplitude of the wave (101). Hence ,
I"kl α I F (hk 1) 1 2 ( 4 .2)
where F (hkl) is the structure factor , which expresses the
combined scattering wave from the hkl plane in the unit cell.
The resultant wave for the unit cell is therefore
N
F(hk l) = ε gjexp ( 때j) (4.3)
here gj and φI are the ampl i tude and phase factors of the
atomic scattering wave in this unit cell. The x-ray and
electron diffraction data described above show that the
geometry of the unit cell did not change after Be treatment
because of the unchanging nature of both locations of the
peaks in the XRD and the main reflection spots in the EDP.
From the intensity expressions , the intensities of the Bragg
reflection depend on the type and the arrangement of atoms at
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each lattice point in the unit cell.
X-ray diffraction data for the exposed sample film#3
shows an increase in the FWHM compared with the unexposed -
sample. X-ray diffraction line broadening is a very complex
phenomenon. Bartram (97) and Klug (102) analyzed this
phenomenon clearly. They concluded that the combined effects
。f a number of instrumental and physical factors , e.g. x-ray
source profile corresponding to the instrument , smaller
crystalline size , crystal imperfections such as twinning ,
composition inhomogeneity , etc. , contribute to line breadth.
In 1918 , P. Scherrer (103) determined the relationship
between crystallite size and x-ray line broadening as follows:
D = -=-짝--;:;- (4.4)
peose
where D is the average crystallite size , A is the wavelength ,
8 is the Bragg angle , ~ is the angular width at half-maximum
intensity of the pure diffraction line on the 28 scale , and K,
which depends on the crystallite shape , is a constant
approximately equal to unity. From this equation , the
crystallite size can be calculated , but the major premise of
the x-ray line broadening method to the crystallite size
determination should be strictly applied to materials which d。
not contain any defects (97). It should be noted that there
is little change in relative intensity of the (0012) , (1018)
and (2212) diffraction lines after two Be exposures (Table
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VIII) , but there is significant broadening of these lines.
This suggests that the BC exposure had only a minor effect on
the amount of the n = 2 and n = 3 phases. The main effect of
BC exposure may have been caused by the increase in the
concentration of crystal defects due to change in composition
caused by rapid evaporation of elements such as oxygen. Lδsch
et al. (100) and Tarascon et al. (42) suggested that the
broadened x-ray reflections demonstrate the presence of
stacking faults in the tested sample. A type of stacking
fault , twist boundary , was deduced from electron diffraction
patterns of the samples after exposure in the ballistic
compressor.
SEM surface microstructure of the high Tc cuprate
superconductor samples before the BC treatment show the
presence of the plate-like grains , which probably have their
thickness dimension parallel to the c-direction. The samples
also contained needle-l ike and columnar grains. Such a
microstructure suggests that the very thin plate crystallites ,
which correspond to the high Tc phase , are piled up and weakly
connected to each other in the samples. From the analytical
results of the EDS , the columnar grains contained Sr , Ca and
Cu , which was also reported elsewhere (99) , and the needle-
like grains were considered to be amorphous (104). This may
indicate that the material had not been completely reacted.
It has been observed by Kikuchi et al. (105) and Shi et al.
(106) that the size of the plate-like grains increased
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gradually with increases in the sintering temperature and
time. After exposure of samples in the ballistic compressor ,
the plate-like grains still remained on the surface that was
not apparently melted , but it was difficult to find
differences in the size of plate-like grains. Furthermore , a
portion of the surface was mel ted , and porous structure
。ccurred after the BC treatment. It seems likely that the
molten state followed by rapid cooling results in a finely
crystallized high-T(' phase.
The ballistic compressor treatment process is an open
system , that is , chemical elements contained in the samples ,
especially oxygen , are readily lost from the system. When the
sample is exposed to hot , dense argon gas in the ballistic
compressor , temperature and pressure are raised in a very
short time , so Bi , Sr , Ca , Cu , and oxygen may be vaporized
readily , depending on their individual vapor pressures. The
BC treatment also changed the black color of the surface of
the Bi-based superconductor sample to a dark red color , which
is rather like the color of copper. This is possibly due t。
。xygen loss as follows:
2 Cuo 2 Cu + 02 (4.5)
This conclusion is supported strongly by the EDS
investigations. After the BC treatment , the EDS data that
were from the surface of samples at low magnification showed
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that no consistency in the average composition was obtained.
Especially , the contents of Bi , Ca , Sr and CU changed
randomly. The possible explanation may be that the chemical
content changed randomly. Furthermore , at high magnification ,
comparison of the EDS analysis between the inside and the
。utside of a pore that was formed by the BC treatment showed
that the content of copper obviously increased. The point EDS
investigations that were from the cross sections of samples
showed that there was an increase in the content of Cu. Of
more importance is the fact that the ratio of the oxygen Ka
line intensity to the Cu La line intensity decreased after
exposure of the sample in the ballistic compressor. This
further demonstrates that oxygen loss occurred in the BC
treatment process.
The variation of oxygen content in the sample is of
great interest in the oxide superconductors. According t。
rather precise experiments (107) , it is established that the
。xygen content of the cuprate superconducting compounds is the
principal variable affecting Te . For. the Bi-based
superconductors , the oxygen content decreases with an increase
。f T e , which is opposite to the effect of oxygen stoichiometry
。n T(' observed in the YBa2Cu3oy and La2Cu04+ x compounds. Zhao et
ale (107) has found that T‘. increased about 25 K corresponding
to a weight loss of 0.16옹 (corresponding to a change of 0.09
。xygen per formula unit) , which was believed due to the oxygen
loss , because the weight loss only occurs by changing the
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quenching temperature without observable structural change
appearing in the XRD patterns. Zhao (108) also reported that
the variation of oxygen content affects the Tc ’ s of the 2212
and 2223 phases in opposite directions. The Tc of the 2223
phase decreased from 105 K to 89 K with weight loss. Morris
et al. (109) found the Tc for the 2212 phase shifted reversibly
。ver a range of at least 15 K by changing the oxygen
concentration , and a much smaller shift of about 4 K occurred
for the 2223 phase.
The oxygen loss means loss of the excess oxygen , which
may reside mainly in the Bi-O layers or between the Bi-o
layers , as reported by many groups (105 , 110 , 111). However ,
the exact positions of the excess oxygen atoms in the Bi-o
plane have not been determined so far. Zhou et al. (111) have
reported that the T(' of the oxide superconductor depends on
both the density of oxygen vacancies in the Cu02 planes and
the content of interstitial oxygen in the Bi20 2 planes. They
also proposed that the oxygen-vacancy ordering in the planes
may be an essential factor that influences the
superconductivity. Actually , the excess oxygen loss is the
change in the kind of defects that were mentioned above , which
is similar to the results reported by Bernard (112). So the
viewpoint is that the change in the oxygen content changed the
copper valency , accompanying the changes in the hole
concentration in the conduction layers. variation of the
。xygen content changes the distribution of charge in the
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copper oxide superconductor by a charge-transfer process.
Such a process yields a striking correlation between the
transition temperature Tc and the oxygen loss.
The TEM patterns in Figures 23-24 reveal sequences of
satellites along the b-axes , which show that the structure is
in fact modulated. As described in chapter II , the structural
modulations are due to the numerous defects such as oxygen
vacancies , metal site vacancies , interstitial oxygen , atomic
displacement , stacking faults , metal atomic antisite , etc. ,
and most defects form in or between the Bi-O layers.
According to neutron diffraction data , Maeda (92) reported
that even Cu atoms and oxygen atoms in the CU02 layer are
displaced from their average positions due to the existence of
the modulated structure in the Bi-o planes. So , in the Bi-Sr-
Ca-Cu-O system , the existence of the complicated modulated
structure has made the precise structural analysis almost
impossible.
A 25.4 Aincommensurate superlattice , which was reported
commonly by many research groups (43 , 87 , 90) , appeared als。
in Figures 24-25. High-resolution electron microscope images
show not only the 25.4 A, but also a period of 27.0 A, which
was reported by Onozuka et ai. (113). The other different
modulation periods , rather than the uniform 25.4 A
superlattice , were reported by Hewat et ai. (91) and Herrera
et ai. (89). In Figure 26 , the extra reflections with periods
。 f 38.7 A and 72.6 Aappeared before the Be treatment. This
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is probably due to the distribution of structural defects.
The interesting resul t is that the extra satellite
corresponding to the 72.6 A periodicity disappeared after
exposure of sample in the ballistic compressor. without the
high resolution electron microscope technique which can
distinguish the individual atom columns , determining the type
。 f change on the atomic scale could be very difficult.
According to the fact that dimensions of the unit cell of the
sample were not affected by the Be treatment , possible change
in the structure can be inferred. A superstructure model
based on the observations in electron diffraction patterns
with superlattice reflections is proposed by Onozuka et al.
(113) , who attempt to explain the presence of 24.3 Aand 27 A
superstructure a long the b-direction. The proposed
superstructure is shown schematically in Figure 28 (113). The
superstructure model is assumed to have the unit cell
dimensions of a , Lb (L corresponds to the different modulation
periods; for example , L is equal to 4.5 and 5.0 correspond t。
24.3 Aand 27 A, respectively) , and c. The regions I and II
correspond to the m~dulation periods of 24.3 A (L=4.5) and 27
A (L=5.0) along [010] direction. The regions I and II are
shown in Figure 28 (a) and (b) , and oxygen atoms are omitted
for clarity. Viewed down the c-axis in Figure 28 (a) and (b) ,
these structures illustrate the possible displacements of the
atomic positions that correspond to the two periods in region
I and I I , respectively. In Figure 28 (c) and (d) , the
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Fiqure 28. Schematic diagram of the proposed
superstructure of Bi-based compounds. The unit cell
。 f the superstructure model along [010] , consisting
。 f regions I and II. (a) and (b) Projections of Bi
atoms along [001) in region I and II , respectively.
(c) and (d) Projections of metal atoms along [100]
in the region I and II , respectively. The large ,
medium and small circles represent Bi , Sr or Ca ,
and Cu atoms , respectively.
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proposition of a superstructure model , the disappearance of
the superlattice diffraction spots may be due to the
distribution of defects in the sample as changed by the Be
treatment. However it is difficult to determine exactly the
changes which occurred.
Figures 26-27 show two types of twist boundary
diffraction patterns , where successive layers rotate over an
angle (91 ‘’ and 81‘’, respectively) about the c-axis. These were
found after exposure of samples in the ballistic compressor.
This is possible because b-axes are approximately equal to a-
axes for the unit cell.
The effect of a twist boundary on superconductivity is
not yet clear. yttrium compounds have a high density of
twins. Varea et al. (114) suggested that the superconductivity
enhancement in the twin boundaries region may be one of the
reasons for the high Tc of the V-compounds. Bobrov et al.
(115) reported that the presence of the twin boundaries is
probably the cause of the higher temperature superconduction
in the yttrium system. For Bi-based compounds , the twist
boundaries are not so frequently observed , so Hewat et al.
(91) thought that the difference of twinning behavior in the
Bi c。깨pounds and V-compounds implies that twinning does not
play an essential role in high T(' superconductivity. Han et
aI. (116) have taken electrical and magnetic measurements for
a single twin boundary , but the preliminary results did not
show significantly the effect of a single twin on the
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superconducting properties. Our preliminary experimental
results are not conclusive enough to demonstrate the effect of
twist boundaries on superconductivity , but the enhancement of
superconducting properties along with an increase of density
。f twist boundaries after exposure of samples in the ballistic
compressor may have significance. It is likely that the
detailed description of the complex structures of the Bi-based
compounds will require single crystals and high-resolution
imaging of the lattice by TEM.
SUMMARY
On the basis of available experimental data and the
present observations , we summarize and discuss the system as
follows. The ballistic compressor treatment offers a rapid
heating and cooling process. The factor of pressure in this
process is not very important because the pressures were not
high enough to affect the superconducting properties of the
exposed samples because of the high pressure coefficient
(+2. a K/GPa). This shows that the Tc increases 2 K under
pressure of 1 GPa , as reported by Yoneda et al. (117). The
resistance and susceptibility measurements performed have
revealed the increase of Tc after the rapid heating and
cool ing. On the bas is of SEM and EDS observations it is
concluded that the surface of samples melted and the oxygen
content decreased in the ballistic compressor treatment
process. XRD investigations also indicated that the 2212 and
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2223 phases increased and the 2201 phase decreased in
proportion. TEM revealed effects on the modulation structure
。 f Bi compounds which may be due to the change in the
structural defects.
From the microscopic point of view , the explanation for
the formation of the high Tc phase is an intergrowth process
during rapid heating in the BC treatment. Due to the
structural simi lar i ties of three phases of Bi-based compounds ,
intergrowths may exist in the real crystals. That is ,
individual crystals may be composed of layer units of two or
more types. In Figure 2 , the phases formed in the solid
region of the Bi-Sr-Ca-Cu-O system suggest that the
intergrowth phenomenon and phase-transformation process would
。ccur at different firing te미perature in air. The 2201 , 2212 ,
and other solid phases form below 800°C. Above 800 °c , the
2212 and 2223 phase are stable.
Padam et ale (118) proposed that the intergrowth process
is such that interfaces between the 2212 phase and Ca2Cu03 are
created in a typical layered eutectic microstructure. Because
。 f the large calcium and copper concentration differences
between these two phases , calcium and copper atoms diffuse
into the 2212 phase in a certain heat treatment. Therefore ,
the 2223 phase may nucleate and grow on the 2212 phase by
adding one more Cu-O and Ca-O planes to the 2212 phase unit
cell.
Oxygen is a very volatile element. In the ballistic
100
compressor treatment process , oxygen loss occurred. It has
been suggested that the excess oxygen locates mainly in or
between the double Bi-o layers , and the Bi-o layers are the
electron transfer reservoirs. Therefore , the extra oxygen
loss caused a variation of oxidation state of copper between
CUll and CU I Il • It can be thought that the amount of electron
transfer from the cu-o layers to Bi layers increases , and
hence the hole carr ier density in the conduction layers
increases too. It leads to the T(' increases through the hole
concentration of the cu-o plane. The rapid heating and
quenching prevents significant oxygen pickup from the
surrounding of samples because of insufficient time for oxygen
to diffuse into the sample; in other words , this process
freezes the structural defects in the copper oxide
superconductors. This may explain the observations of
increase in T(' by rapid quenching from high temperature.
There exists sufficient evidence that in copper-based
。xides ， superconductivity is primarily due to the charge
carrier concentration in cu-o layers. Usually , the hole
concentration has been varied by the variation of the oxygen
content in Bi compounds. It is well established that in the
Bi system , the oxygen loss converts the cation Cu2+ to Cu3+
ions , which represent the real charge state on Cu. Actually ,
the rea 1 charge representation for the oxidation state is
rounded off partly because they are never accurately known
(54). The higher state of oxidation of copper increases the
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number of holes in the cu-o layers improving thereby the
superconducting behavior. Bansal et al. (119) proposed that
in the case of Bi-Sr-Ca-Cu-O compounds , calcium and strontium
exist only in the 2+ charge state , in which electrons in Ca+2
and Sr+2 are strongly bound because their outermost electrons
are in a closed shell. On the other hand , bismuth can exist
in 1+ , 3+ and 5+ charge states because its outermost electron
shell is not closed. The copper ions get oxidized indirectly
through bismuth ions. It may be thought that , due to the
。xygen lost in the rapid heating and cooling process , the Bi3+
ions are reduced to Bi
'
+ ions according to the process Bi3 + +
Cu2+ + OJ- • Bi
'
+ +CuJ + + o. And as the oxidation of copper
increases , the hole concentration in the Cu-o layers increases
too. Therefore , the oxygen is released from the sample and
electrons transfer to a Bi-O layer from a Cu-o layer , thereby
improving the superconducting behavior of this oxide cuprate
superconductor.
CHAPTER V
CONCLUSIONS
Thin film samples and pellet superconductor samples with
nominal composition of Bi2Sr2can.• cun04+2n were investigated before
and after exposure in the ballistic compressor.
Resistance measurements of bulk and thin samples showed
that the Tc can be increased by 3 - 6 K after BC treatment.
A two-step shape of the resistance versus temperature curve
was often observed , indicating that the formation of a high Tc
phase occurred. Similar phenomena were observed in the
diamagnetic behavior for the bulk and thin film samples. x-
ray diffraction data showed increases of high Tc phases. This
indicates that phase transformation occurred during the rapid
heating , and the new phases were frozen in cooling during the
process.
For the Bi-based compounds , the electron diffraction
patterns showed strong modulation superstructure along the b-
direction , and also showed extra superlattice of 38.7 A and
72.6 A. Both x-ray and electron diffraction patterns showed
that the relative intensities of reflections were changed by
the BC treatment. Worth noting is that the extra superlattice
of 72.6 A disappeared after exposure in the ballistic
compressor , indicating possible change in the structural
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defects of the cuprate superconductor.
SEM investigation of these samples showed that the BC
treatment was limited to a depth of about 10 μm on the
surface , and that a portion of the surface melted during
exposure to hot and dense gas in the ballistic compressor. It
was shown by EDS analysis that samples have inhomogeneous
chemical compositions , and that oxygen loss occurred in the BC
process.
It is thought that the oxygen loss catalyzed charge
transfer from the charge transfer to the charge transfer
reservoir from the Cu02 planes and increased the hole
concentration in the Cu02 layers. This improved the
superconducting behavior of this oxide cuprate compound.
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